APTMS DACH T™™OS untreated control

cell culture plate

Fig. 3: Cell cultivation of adherent bone marrow mesenchymal stem cells on the modified plastic bags at day 3
of cultivation (above) and at day 14 of cultivation (below). As control serves a commercial availiable cell culture
plate, magnification 10x.

4. Conclusions

Using gas mixtures of helium and suitable reactive species or film-forming agents, plastic bags can be
modified for the use in adherent cell cultivation. Due to residual oxygen in the gas mixture or the
diffusion of oxygen through the gas-permeable polymer wall even the treatment with pure helium
leads to a rise in surface tension which is comparable to the surface tension achieved by coating with
APTMS or surface functionalization in gas mixtures of helium, hydrogen and nitrogen. Traces of
oxygen within the gas mixture also lead to a reduced amount of primary amino groups. Performing
cell cultivation of adherent bone marrow mesenchymal stem cells the role of primary amino groups on
the surface was highlighted. In the case of TMOS-coated plastic bags only initial adherence was
observed, but after 14 days in culture the cells had detached. In contrast, the use of amino-containing
monomers leads to confluent cell growth on the modified surfaces. In further experiments the plasma
process should be optimized to generate higher concentrations of primary amino groups on the surface,
e.g. to perform secondary modifications such as biotinylation or coupling of specific markers.
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Bio-decontamination of water and surfaces contaminated by bacteria (Salmonella typhimurium,
Bacillus cereus) was investigated in two types of positive DC discharges in atmospheric pressure
air, in needle-to-plane geometry: the streamer corona and its transition to a novel regime transient
spark with short high current pulses of limited energy. Both generate cold non-equilibrium plasma.
Electro-spraying of the treated water through the needle electrode was applied for the first time
and resulted in fast bio-decontamination. Experiments providing separation of various biocidal
plasma agents, along with the emission spectra and coupled with oxidation stress measurements in
the cell membranes helped better understanding of the mechanisms of microbial inactivation. The
indirect exposure of contaminated surfaces to neutral active species was almost as efficient as the
direct exposure to the plasma, whereas applying only UV radiation from the plasma had no
biocidal effects. Radicals and reactive oxygen species were identified as dominant biocidal agents.

1. Introduction
Nonequilibrium plasmas, thanks to their reactive nature, find numerous biological and bio-medical
applications, especially at atmospheric pressure for no need of costly vacuum equipment. Atmospheric
pressure plasmas applied for sterilization and bio-decontamination are mostly generated by radio-
frequency (RF) [1-2] discharges, and various plasma jets and afterglows [1-5], usually in rare gases
(He or Ar) with/without admixtures of O, (or H,O). They have been tested on a large variety of
prokaryotic microorganisms (bacteria, spores, viruses) and some eukaryotic yeasts, fungi and
microalgae, resulting in partial disinfection up to complete sterilization. Atmospheric air plasmas have
additional advantages of no need of special gases and an easy application in ambient environment.
Bio-decontamination by air plasmas was tested in DC [3, 6], dielectric barrier (DBD) [4, 7-10], RF
[1], and pulsed discharges [4, 7]. The plasmas can be also generated directly in water or on water-air
boundary [3, 8-9, 11], which is of great interest for water decontamination.
In bio-decontamination by plasma, it is crucial to understand the role of various mechanisms involved.
The significant mechanisms depend on the plasma composition (gas), temperature, treated
microorganisms and the environment (air, water, surfaces, etc.). In atmospheric pressure plasmas, the
major role is typically attributed to radicals and reactive oxygen species (ROS, e.g. OH, O, 05) [1, 2,
3-4, 6, 9-11] and to charged particles, especially O, [7] affecting the cell membranes. UV radiation
plays a role only if photons in UV C germicide region (220-280 nm) or in vacuum UV are produced
[10-11]. In cold air discharges (corona, DBDs, pulsed discharges), NO y and other sources of UV C or
VUV are usually not generated, so radicals and ROS are identified as the dominant bio-inactivation
agents [3-5, 8-9].
In this paper, the biocidal effects of two plasma sources in atmospheric air with water are investigated
— positive DC streamer corona (SC) and a novel regime named transient spark (TS). Despite DC
applied voltage, these discharges have a pulsed character with nanosecond repetitive pulses. We focus
on the identification of the dominant plasma agents in bio-inactivation by coupling the electrical
discharge characteristics, their emission spectra, and biocidal effects. Comparing direct with indirect
plasma effects enables separation of various biocidal plasma agents. In addition, measurements of the
oxidative stress induced in microbial cells applied for the first time in plasma bio-decontamination
enable further indicate their respective roles.

2. Experiments
2.1 Experimental set-ups
The experimental setup for fundamental investigations of the DC discharges in point-to-plane
geometry, with a high voltage (HV) hollow needle electrode enabling water flowing through the
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discharge zone and a plane or mesh electrode is depicted in figure 1. The gap spacing was varied from
5-10 mm. A positive DC high voltage was applied through the ballast resistor R (20 MQ for SC and ~5
MQ for TS). The discharge voltage was measured by a high voltage probe Tektronix P6015A. The
discharge current was measured: on a 50 Q (SC) or 1 Q (TS) resistor and by a Rogowski current
monitor PEARSON 2877. The current and voltage signals were processed by a digitizing 200 MHz
oscilloscope Tektronix TDS 2024. The discharges were photo- and video-documented with digital
cameras Olympus E410 or Nikon Coolpix S10.
The emission spectroscopy optical system comprised a dual fibre-optic spectrometer Ocean Optics
SD2000 for fast scanning in the UV and VIS-NIR regions (200-500 and 500-1050 nm, resolution 0.6—
1.2 nm), fused silica lenses, and fibre optics. The discharge set-up was placed in a Faraday cage
together with the optical components mounted on lateral and vertical translation stages.
The bio-decontamination effects of the DC discharges were tested on flowing water of ambient
temperature. We also compared direct and indirect plasma effects on contaminated solid agar surfaces
(Figure 2). A needle electrode was placed about 1 cm above the agar surface in the centre of the Petri
dish and the discharge was applied for 1 or 2 min. In direct treatment, the agar was grounded with a
wire. Indirect plasma effects on the contaminated agar were tested by:
1) placing the grounded mesh electrode ~2 mm above the agar, this shielded the electric field and
trapped the charged particles, letting but neutral particles and partial UV light to reach the surface;
2) placing the 3 mm thick quartz window onto the agar surface and a grounded ring electrode on its
top, this let only the light emitted from the discharge to reach the agar, including UV. We also
tested MgF, window transmitting vacuum UV.

Syringe pump with water
DC HV
generator

b R ~MQ HV probe
Tektronix P6015A
Emission
- spectrometer
7€ Ocean Optics

QDZOOO Lens Filter Iris

Digital camera
Olympus E410 \§

Oscilloscope
Tektronix TDS2024

Curren probe
Pearson Elenitronlcs 2877

Data 50 Q
processing L o ]
Faraday cage

Fig. 1. Experimental set-up for DC discharges, with a high voltage hollow needle electrode enabling
water flowing through the discharge zone and a plane or mesh electrode.

Agar< 1 —2 kQ

(a) (b) (©)

Fig. 2. Electrode arrangements for (a) direct and (b, ¢) indirect plasma treatment of contaminated agar
plates. (b) Mesh electrode ~2 mm above agar surface trapped the charged particles and shielded the
electric field. (c) Quartz (MgF,) window only transmitted light from the discharge (including UV).

539



The agar in the direct treatment (Figure 2a) represents a certain electrical resistance, typically 1-2
kQ depending on the water content. In indirect set-ups (Figure 2b,c), a small resistor » was inserted
between the mesh (or ring) and the ground to simulate the agar’s resistance. Its exact value was set
empirically from case to case to make the discharge pulses of about the same amplitude and shape as
in the direct treatment on agar. This ensured the same discharge properties in all three set-ups.

2.2. Treated microorganisms and microbial cultivation

Bio-decontamination effects of investigated DC discharges were tested on selected Gram-negative
bacteria Salmonella typhimurium and Gram-positive Bacillus cereus in distilled water with initial
populations 10° - 107 colony forming units per mL (CFU/mL), or directly spread on the solid nutrient
(agar, Roth Ltd.) on a Petri dish, about 10° per dish. The microbial cultivation was carried out in a
sterile environment. The plasma experiments were performed with both discharges, at various
parameters and treatment times and repeated 5-8 times. 3—4 Petri dishes from each sample were taken
for statistical evaluation. These were incubated during 12-24 h in a thermostat at 37 °C. The grown
CFUs on the samples were counted and evaluated.

2.3. Measurements of the oxidative stress

Interaction of ROS with the bacterial cell membranes results in the peroxidation of membrane lipids.
The final product of lipoperoxidation is malondialdehyde (MDA), quantifiable by spectrophotometry
after the reaction with thiobarbituric acid (TBA) at 90—100 °C [12]. This method of thiobarbituric acid
reactive substances (TBARS) was applied for the first time to measure the oxidative stress induced in
bacteria in water exposed to SC and TS. We assigned the TBARS concentrations from the absorbance
of MDA at 532 nm from Lambert-Beer’s law with absorption coefficient 1.57x10° mol ™' L cm ™' [12].

3. Results and discussion
3.1. Applied DC discharges and their emission
Two types of positive DC discharges operating in atmospheric air with water were investigated: a
well-known streamer corona (SC), and a novel transient spark (TS). These discharges generate non-
equilibrium plasmas inducing various chemical and biological effects important in bio-
decontamination. Their electrical parameters and emission spectra were documented in detail in our
previous works [13-14]. SC is typical with small current pulses of streamers (~10 mA) with a
repetitive frequency of ~10 kHz and generates cold plasma (~300 K).
With further voltage increase, the streamers establish a conductive channel that gradually leads to the
spark pulse. However, when the sparks forms, it is in our set-up only transient since the discharged
energy given by the external circuit is small (0.1-1 mlJ). This transient spark is a repetitive (0.5-10
kHz) streamer-to spark transition discharge, with each spark pulse (~1 A) preceded by one or a
sequence of streamer pulses. Thanks to the very short pulse duration (~10-100 ns) given by the small
circuit capacity and a limiting series resistor R, the plasma cannot reach equilibrium conditions and
remains at relatively low gas temperature, depending on frequency (~500-1500 K).
We employed optical emission spectroscopy, a powerful technique of plasma diagnostics to both SC
and TS. They both generate cold, nonequilibrium plasmas (300-550 K) in the discharge channel. OES
characteristics of the applied discharges described in detail in [13] showed that electrons with the
highest energies were present in TS. These electrons initiate dissociations, ionizations and excitations
of various species. Atomic O, N and H radicals, and the N," ions have only been detected in TS, and
there were a lot of OH radicals. Part of O radicals reacts with air O, and forms ozone O;. There was no
UV C radiation detected from SC and TS.

3.2. Flowing water treatment through the stressed electrode

The contaminated water flew directly through the stressed hollow needle electrode, and so through the
plasma active zone in its proximity, which substantially improved the volume efficiency compared to
our previous set-ups for water treatment [15]. The effect of electrostatic spraying (electro-hydro-
dynamic atomization, EHDA) occurred when the high voltage was applied on the needle electrode
[16]. The temperature of the treated water did not change in SC and was increased by maximum 10 K
in TS. The lethal heat effect of the discharges to bacteria can be excluded.
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3.3. Oxidative stress induced in bacteria

Figure 3 shows the TBARS concentration gain Ac¢(TBARS) correlated with the bio-decontamination
efficiency of SC and TS applied to the electro-sprayed water with S. typhimurium and B. cereus. The
same samples were irradiated by biocidal UV C radiation (Hg lamp, 254 nm, 1 min) for comparison.
UV C radiation induced almost no Ac(TBARS) despite its efficiency was very high. Obviously, UV
dominant biocidal mechanism is not peroxidation of cell membranes. On the contrary, SC and TS
treatments significantly enhanced Ac(TBARS). This indicates that oxidations of cell membranes by
ROS are important in microbial inactivation. More ROS is linked with the higher efficiency.

Salmonella typhimurium [__]Ac(TBARS) Bacillus cereus L1 éc I'(I':iBeAr\‘lzg)
0.207 [ Efficiency” _ 100 0.107 — - 100
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Fig. 3. TBARS concentration gains and decontamination efficiencies of S. typhimurium (left) and B.
cereus (right) in water treated by SC and TS with electro-spray, compared with 1 min exposure to UV
C (shown with standard error of the mean, n — number of repeated experiments).

3.4. Direct vs. indirect plasma treatment

Contral

Ethanol Direct plasma Neutral species UV only

Fig. 4. Photographs of Petri dishes with contaminated agar by S. typhimurium; left side: untreated
control and treated by ethanol, right side: treated by SC (upper row) and TS (lower row) direct, neutral
species only, and UV light only. Results with B. cereus were similar.

We compared direct SC and TS plasma treatment with 2 types of indirect exposure described in
section 2.1. Figure 6 shows the photographs of the Petri dishes with contaminated agar after direct and
both indirect treatments, together with the untreated control sample, and a sample treated with 50 pL
drop of liquid ethanol (96%) for comparison. The effects of plasma (and ethanol) on contaminated agar
are clearly visible as dark voids, whereas control sample is homogeneously covered by cultivated
bacteria (bright). Dark voids with bright spots represent incomplete decontamination, the spots are
CFUs grown from single bacteria. With respect to the total number of bacteria spread on one Petri dish
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(10°), a few tens of survived bacteria that cause these bright CFUs in the voids are quite negligible.
Both direct plasma and indirect exposure to neutral reactive species (and partial UV) caused apparent
bio-decontamination (voids) with on tested bacteria. SC resulted in a larger treated area on the Petri
dish, likely due to the electric wind that drives active species from the point towards and along the agar
surface in one preferential direction. TS treatment was localized in the dish centre but more intense.
Interestingly, there was very little difference between the direct and indirect plasma treatments with
both discharges. This indicates that neutral reactive species are crucial even in the direct exposure.
Exposure to the UV light only, transmitted by quartz or MgF, windows demonstrated no visible
decontamination. This correlates with the emission spectra of SC and TS lacking any UV C or VUV.
Similar effects of direct and indirect plasma treatment agree with the emission spectra, oxidation stress
measurements and our previous findings [15]. Apparently, radicals and ROS (O, N, H, OH, O;, Oy)
represent the dominant biocidal agents in atmospheric air SC and TS discharges.

4. Conclusions
Bio-decontamination of water and surfaces contaminated by bacteria (S. fyphimurium and B. cereus)
was tested in two types of positive DC discharges in atmospheric pressure air in point-to-plane
geometry. The streamer corona with small current pulses generates cold non-equilibrium plasma. With
increasing applied voltage, the streamers transit to the novel regime transient spark with short (<100
ns) current pulses (~1-10 A) of 0.5-10 kHz repetitive frequency and very limited energy. Thanks to
the very short spark pulse duration, the TS plasma remains relatively cold (~500 K).
Both SC and TS were found very efficient when the contaminated water was sprayed through the high
voltage needle electrode and thus through the active discharge zone. EHDA effect occurring with
corona discharge in this regime applied for the first time enhanced the efficiency of the process.
The comparisons of direct and two types of indirect exposure of contaminated agar plates to the
plasma of SC and TS enabled the separation of the various biocidal agents. We demonstrated that the
direct plasma and indirect exposure to separated active neutral species had almost the same effect on
bacteria. On the other hand, separated plasma radiation, including UV, had no significant effect. These
investigations, together with the emission spectra, indicated the major role of radicals and reactive
oxygen species (O, OH, O;). Their role in the plasma treatment was confirmed by the absorption
spectroscopic detection of the products of cell membrane oxidation stress in TBARS method.
In summary, we demonstrated that cold atmospheric air DC discharges can be efficiently used for bio-
decontamination of water and surfaces. The dominant biocidal plasma agents are radicals and ROS,
which agrees with findings published by many other authors.
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Direct medical application of atmospheric pressure plasma is a growing field of research interest.
One focus is on plasma supplemented wound healing. Normally, wound healing starts a few
minutes after tissue injury. However, under certain pathological conditions this process can be
impeded and chronic wounds may arise. A main problem of chronic wounds is its contamination
or infection by microorganisms. It is well known that microorganisms can be inactivated by
atmospheric pressure plasma treatment. However, if plasma will be used to treat chronic wounds,
any negative effects on healthy cells and tissue have to be excluded. Using a simple in vitro
wound healing model (scratch assay), the response of human skin cells (keratinocytes) to plasma
treatment, with and without co-cultivated microorganisms is investigated. S. epidermidis was used
as test microorganism because it is an opportunistic pathogen member of the human skin flora,
which can be very dangerous to immunocompromised patients. We examined the growth rate of
adherent keratinocytes in a modified scratch assay with and without S. epidermidis co-cultivation
and the response of this system to argon plasma treatment using a non-thermal atmospheric
pressure plasma jet (APPJ). It could be demonstrated that microorganisms are inactivated
effectively by plasma treatment. Moreover, the healing rate of plasma treated artificial "wounds"
contaminated with microorganisms could be improved compared to the untreated control. With
these results a first simple proof of the potential of atmospheric pressure plasma to act selectively
in wound antiseptics was given.

1. Introduction

In Germany alone, some 2.5 million people living with poorly healing chronic wounds. Colonization
or infection by microorganisms is one of the main reasons for massive impediment and delay of
healing and tissue repair processes possibly leading to chronicity of the wound. Therefore, effective
wound antisepsis is a prerequisite for an undisturbed and uncomplicated wound healing. In medicine
various antiseptic agents are used for antimicrobial treatment of wounds [1]. Ideally, wound
antiseptics should act selectively i.e. should inactivate microorganisms without deterioration of the
surrounding tissue. In best case, a wound antiseptic has an additional potential to stimulate tissue
repair. However, one of the major drawbacks of actually used wound antiseptics, like octenidine,
povidone-iodine and polihexanide, is that its antimicrobial effects are mostly accompanied by
impediment of tissue regeneration.

A promising alternative to chemical antiseptics may be non-thermal atmospheric pressure plasmas.
The possibility to inactivate microorganisms by non-thermal plasmas has been shown several times
[2]. Up to now such applications are mainly focused on surface decontamination, e.g. for heat-
sensitive medical devices or pharmaceutical packing materials [3]. The direct application of
atmospheric pressure plasmas on the human body for wound treatment purposes represents a new
quality of plasma application and is one of the main tasks of the new research field called plasma
medicine. However, to estimate the healing potential of physical plasmas and to exclude unwanted
side effects, research in plasma medicine has to be accompanied by detailed in vitro studies using cell-
based models. The aim of our work was to adapt the scratch assay, a well-established in vitro wound
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healing assay [4], as a basic test model to investigate the selective antiseptic effectivity of an
atmospheric pressure plasma jet (APPJ).

2. Material and Methods

Cell line: Adherent human keratinocyte cells (HaCaT, provided by Prof. Fusenig, German Cancer
Research Center, Heidelberg, Germany) were cultivated in RPMI 1640 cell culture medium (Roswell
Park Memorial Institute Lonza, Verviers, Belgium) supplemented with 1 % penicilline / streptomycine
(Biochrom, Berlin, D) and 8 % fetal calf serum (Sigma Aldrich, Taufkirchen, Germany) at 37 °C /5 %
CO,. Cells were seeded at a density of 4 * 10° cells per 60 mm plastic dish. The tests were performed
after 4 days at 100 % confluency.

Scratch Assay: To simulate the situation of mammalian cells in connective tissue, the original scratch
wounding assay [5] was modified. Following mechanical scratching, confluent cells were protected by
a 0.6 mm 1,5 % agarose-RPMI overlay. After 10 min gelling time 4 ml fresh RPMI 1640 were added.
In case of cell co-cultivation with S. epidermidis, an additional scratch was made to penetrate the
agarose layer (Fig. 1). The size of the scratch was observed by microscopy and recorded subsequently
by measurement of the scratch width using Adobe Photoshop Software. Scratch reduction was
calculated by subtraction of scratch width at t=n hours from scratch width at t=0 hours.

Plasma treatment: The APPJ (kINPen 09, INP Greifswald, Germany) used in this paper is shown in
Figure 2. The device has got the CE marking which certifies that the product has met EU consumer
safety, health or environmental requirements. The device consists of a hand-held unit (Dimensions:
length = 170 mm, diameter = 20 mm, weight = 170 g) for the generation of a plasma jet at atmospheric
pressure, a DC power supply (system power: 8 W at 220 V, 50/60 Hz), and a gas supply unit. The
device consists of a quartz capillary (inner diameter 1.6 mm) containing a centered 1 mm pin-type
electrode. In the continuous working mode, a high frequency (HF) voltage (1.1 MHz, 2-6 kVpp) is
coupled to the pin-type electrode. The plasma is generated from the top of the centred electrode and
expands to the surrounding air outside the nozzle. The plasma jet is about 7 mm long and about 1 mm
wide. Plasma temperature did not exceed 50 °C at the tip of the visible plasma jet [5].The scratched
region was plasma treated in that way that the visible tip of the plasma jet was just in contact with the
scratched cell layer or agarose overlay. The length of the treated scratch line was 40 mm. The speed of
the plasma jet over ground was 10 mm/s. Treatment time was 40 s.

plasma jet

agarose with scratch
mikroorganism

HaCaT cell line
with scratch

HF electrode (pin)

capillary (quartz)

petri dish

Fig. 1: Schematic assembly of the modified Fig. 2: Schematic setup of the
atmospheric scratch assay atmospheric pressure plasma jet

3. Results and Discussion
The aim of the present work was to investigate the selective interaction of an atmospheric pressure
plasma jet with eukaryotic cells (mammalian cells) in the presence of prokaryotic cells
(microorganisms). We used the immortalized, human, non-tumorigenic keratinocyte cell line HaCaT,
which is often deployed as a substitute for native human keratinocytes. This spontaneously
transformed epithelial cell line, which largely keeps their proliferation potential and their biochemical
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performance in culture in contrast to other immortalized cell lines, comes with the same differentiation
properties like human keratinocytes [6].

In the well-established scratch assay used in this study, mechanically injured (scratched) keratinocytes
showed rapid and directed proliferation in case of damage of the confluent cell layer. Similar to the in
vivo situation, mechanical injuries (scratches) of two-dimensional keratinocyte layers are closing from
the borders to the centre. (Fig. 3). Control HaCaT cells are closing such an artificial wound with a
speed of about 1 mm/day.

Fig. 3: HaCaT human keratinocytes immediately (ty), 10 h (t;0) and 24 h (tx4) after artificial injury by
mechanical scratching (,,wounding*)

To come near to in-situ conditions of mammalian cells in connective tissues, the cell layer was
shielded by a carbohydrate gel overlay comparable to the outer layer of wounds caused by secretion
(ichor). It was shown that this overlay allows penetration of low-molecular reactive species.
Additionally, the layer effectively prevents drying phenomena caused by the APPJ gas flow but leaves
cell performance unchanged. Time to “wound” closure in the scratch assay remains unaltered
compared to uncovered cells (Fig. 4). Due to the agarose overlay, the cells were additionally protected
from the plasma jet temperature. The physiological temperature for the optimal growth of eukaryotic
cells is 37 °C and a deviation of 3-4 °C in either direction will be tolerated [7]. HaCaT keratinocytes
were even shown to have increased proliferation rates at 38.5 °C [4]. A significant decrease of
(mammalian) cell survival might be observed at temperatures above 42 °C and long incubation times
(>50min).

09 r
08 r
0,7 r

0,6

05 —a— HaCaT witout overlay
' —e— HaCaT with overlay

04 r

03 r

scratch width reduction [cm]

02 r

0,1 r

time [h]

Fig. 4: Scratch assay using HaCaT human keratinocytes; comparison of scratch assay with agarose
overlay and without agarose overlay

To simulate the situation in an infected wound, a suspension containing 10* microorganisms

(S. epidermidis) was placed directly into the scratch line. Subsequently, this area was treated by APPJ
for 40 s and cell proliferation was monitored. As it is shown in Figure 5, infected and APPJ treated
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cells showed a better overall performance compared to infected but not APPJ treated cells. After 24
hours cell growth slowed down probably due to strong growth of remaining microorganisms (Fig. 5,
#). In infected but not APPJ treated cell cultures, besides a slower “wound healing” in general due to
the higher microorganism load, cell detachment was found and scratch width increased again after
about 24 hours (Fig. 5, m).

In general it is not necessary to sterilize colonized or infected wounds, but to reduce the microbial load
below a critical colonization rate. Commonly, a contamination rate of 10° viable microorganisms per
gram of tissue is given as critical value for wound infection but this depends strongly on patients’
individual situation. However, a reduction of microbial load will result in an improvement of wound
healing at organisms with otherwise intact immune status [8]. A considerable reduction of the
microorganisms was shown by plasma treatment. Immediately after addition of S. epidermidis in the
produced "wound" a plasma treatment followed. The treated suspension with microorganisms was
centrifuged. The same was done with an untreated microorganism suspension. The resulting
microorganism cell pellets showed significant differences indicating a substantial inactivation of the
microbial load by plasma treatment (Fig. 6).

0,1

—e— infected, plasma

—=a— infected

scratch width reduction [cm]
o
o
(o]

0,02

0 10 20 30 40 50
time [h]

Fig. 5: Scratch assay using HaCaT human keratinocytes: Fig. 6: Microorganism cell pellet after
performance of cells after infection. Comparison of 40 s plasma treatment (A), and without
scratched cells treated with APPJ (infected, plasma) and plasma treatment (B)

cells without APPJ treatment (infected)

4. Conclusions

Human keratinocytes did not lose the ability of proliferation after injury by mechanical influences.
Moreover, cells covered with an agarose layer showed identical growth characteristics after artificial
“wounding” compared to cells without agarose overlay. Consequently, the practicability of the
modified scratch assay as in in vitro test model to investigate biological effects of an APPJ was
proved.

An APPJ treatment of 40 s reduced the cell-growth impeding activity of the co-cultivated
microorganisms markedly whereas the ability of human keratinocytes to proliferate was kept. A fast
and sustained closure of an artificial “wound” (scratch) occurred in the plasma treated systems, only.
Contaminated but not APPJ treated systems were overgrown by S. epidermidis right from the start of
the experiment resulting in impeded cell growth, cell detachment and death. Using this simple irn vitro
wound healing model, the potential of atmospheric pressure plasma to allow a selective antiseptic
treatment was demonstrated in principle.
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PLASMA-WATER-INTERACTIONS IN AMBIENT AIR:
CHEMICAL AND ANTIMICROBIAL IMPACTS
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Indirect plasma treatment of non-stirred distilled water (5 ml) by surface dielectric barrier
discharge (DBD) in ambient air results in acidification and generation of nitrate (NOs’), nitrite
(NOy) and hydrogen peroxide (H,O;). After 30 min plasma treatment, pH<2.8 was found as well
as concentrations of 113 mg- I'' NOy, 1.5 mg" I'' NO,, and 18 mg "’ I'' H,0,, respectively.
Furthermore, high concentrations (10°- 10° c¢fu " ml™") of suspended vegetative microorganisms
like Escherichia coli were inactivated in non-buffered aqueous media within 5 — 15 min plasma
treatment. To clarify possible mechanisms of reactive species generation as well as of
microorganism inactivation in plasma-treated water, the interface between plasma and liquid phase
was analyzed by Fourier transformed infrared spectroscopy (FT-IR) and optical emission
spectroscopy (OES). Neither UV-C radiation nor cytotoxic nitric oxide (NO®) or hydroxyl radicals
(HO®), but nitrous oxide (N,0), ozone (0;) and nitric acid (HNO;) were measured. Possible
reactions of these gaseous molecules with the aqueous liquid could result in acidification and
generation of NO;', NO,™ and H,0O,. Furthermore, these species detected in the gas as well as liquid
phases, could serve as reaction partners to generate NO°®, HO®, nitrogen dioxide (NO,"), pernitro
acid (ONOOH) and hydroperoxy radicals (HOO®) in the liquid which could be responsible for
antimicrobial effects.

1. Introduction

Inactivation of microorganisms in liquids by plasma treatment is a well known phenomenon. It was
demonstrated both by direct plasma treatment, i. €. plasma generation directly in or in close contact
with liquids [1-3], and by indirect plasma treatment where the plasma is generated in close vicinity to
but without direct contact with a liquid surface [4]. In several studies, acidification and generation of
nitrate, nitrite and hydrogen peroxide was found as a result of plasma treatment [3-7]. The aim of this
paper is to analyze the genesis of low-molecular reactive species in non-stirred distilled water after
indirect treatment by a surface dielectric barrier discharge (DBD) in ambient air. Interpretation of data
from plasma diagnostics and liquid analytics combined with theoretical considerations and
microbiological investigations will help to get more insight into the complexity of plasma-water
interactions as well as into possible mechanisms of microbial inactivation

2. Experimental Part

Surface dielectric barrier discharge:

Plasma treatment of a 5 ml liquid volume was realized using a surface dielectric barrier discharge
(DBD) arrangement based on an electrode array consisting of 1.5-mm-thick epoxy-glass fiber bulk
material for circuit boards (50 mm diameter; breakthrough voltage of 40 kV - cm™) with two 35-um-
thick copper electrodes (Fig. 1). On the one side, the high-voltage part of the DBD array had an etched
line-like structure consisting of four concentric 0.75-mm-wide ring-shaped electrodes (diameter of the
outer ring: 35 mm; distances between the ring-shaped electrodes: 3 mm). On the other side a 35-mm-
diameter round non-structured flat copper surface served as counter electrode at ground potential. This
electrode array was mounted by a special construction into the upper shell of a petri dish (60 mm
diameter) in that way that the distance between the high-voltage electrode surface and the surface of a
liquid in the lower shell of the petri dish was adjusted at 5 mm. All experiments are performed at
ambient air conditions using a pulsed sinusoidal voltage of 10 kV .. (20 kHz) with a 0.413/1.223 s
plasma-on/plasma-off time. Energy of 2.4 mJ was dissipated into the plasma in each cycle of high
voltage [4].
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Fig. 1. Schematic drawing of the indirect surface DBD arrangement [4].

Physical methods:

Optical emission spectroscopy (OES) in the UV spectral range was performed using a compact
spectrometer (AvaSpec-2048, Avantes) with an entrance slit of 25 pm and a spectral resolution of
0.6 nm. Due to the small plasma intensity a large exposure time of 10 s and a two scan average was
necessary to obtain a valuable spectrum.

The Fourier transformed infrared spectroscopy (FT-IR) was performed with the multicomponent
FT-IR Gas gas analyser Gasmet CR-2000 (ansyco). For data analyzing the software CALCMET was
used.

Chemical methods:

For all photometric measurements a UV/VIS Spectrophotometer SPECORD® S 600 (analytic jena
GmbH, Jena, Germany) was used. Nitrate as well as nitrite concentrations in plasma treated distilled
water are estimated by photometric analysis using commercially available test kits (Spectroquant®,
Merck). Nitrate reaction with 2,6-dimethylphenol gives, after a reaction time of ten minutes
4-nitro-2,6-dimethylphenol, an orange colored product, whose absorption was measured at 340 nm.
Nitrite reacts with sulfanilic acid and N-(1-naphthyl)-ethylen diamine hydrochloride via azo sulfanilic
acid to a magenta colored azo dye whose absorption at 525 nm was measured. Hydrogen peroxide
detection based on the reaction of titanyl sulfate to yellow-colored peroxotitanyl sulfate, which was
detected at 405 nm.

For pH measurement, a semi-micro pH-electrode (4.5 mm diameter; SENTEK P13, Sentek Ltd., UK)
was used.

Biological methods:

As test microorganism overnight cultures of Escherichia coli NTCC 10538 (Institute of Hygiene and
Environmental Medicine, University of Greifswald, Germany) were diluted using physiological saline
(NaCl 0.85 %; 8.5 g NaCl per 1000 ml water), respectively, to get concentrations of 10°-10°* colony
forming units per milliliter (cfu - ml™). The number of viable microorganisms (cfu  ml™") was estimated
by the surface spread plate count method using aliquots of serial dilutions of microorganism
suspensions according to the European Pharmacopoeia. Detection limit of this procedure was
10 cfu  ml™". Inactivation kinetics of microorganisms is depicted in semi-logarithmic plots. If the
number of microorganisms fell below the detection limit, i. e. no viable microorganisms have been
found, for clearness these values in the graphs are set at 5 cfu ml™.

3. Results and discussion
In non-buffered physiological saline solution, E. coli was completely inactivated after 7 min treatment
by surface DBD (Fig. 2). Similar treatment of 5 ml water resulted in a steep decrease of pH from 7 to
less than 4 within the first 5 min of plasma treatment, followed by a slight further decrease reaching
more or less stable pH values between 2 and 3 within 30 min (Fig. 3A).
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Fig. 2. Inactivation of E. coli suspended in non-buffered physiological saline by plasma treatment.

A supporting effect of acidic pH for antimicrobial plasma activity has been found elsewhere, too, but it
was also found that acidification alone was not sufficient for bacteria inactivation [1, 4, §].
Furthermore, nitrate (NO;5") as well as nitrite (NO;’) concentration in plasma treated 5 ml water was
measured using spectrophotometric methods. NO;™ increased within 30 min indirect DBD treatment
from zero to 113 mg - I"' (Fig. 3 B). Similar kinetics has been found by Moussa et al. working with
gliding electric discharge in wet air [9].

pH
concentration of nitrate

0 5 10 15 20 25 30 0 5 10 15 20 25 30
treatment time [min] treatment time [min]

concentration of nitrite

concentration of hydrogen peroxide

0 5 10 15 20 25 30 0 5 10 15 20 25 30
treatment time [min] treatment time [min]

Fig. 3. Liquid analytics of plasma treated water: pH (A), nitrate (B), nitrite (C), hydrogen peroxide(D).

NO, increased from zero to 1.5 mg - "' within the first 10 min of plasma treatment, but declined back
to near zero after 30 min plasma treatment (Fig. 3 C). This short-term increase of NO, as well as its
relatively low concentration compared to NO;™ can be explained by the fact that the transformation of
NO; into NOj' is accelerated at acidic conditions. Moreover, this transformation is self-catalyzed by
NOj;". Both the increasing and relatively high NO;™ concentration in parallel to decreasing pH caused
by indirect DBD plasma treatment is evidence to suggest that generation of nitric acid (HNO;) may
play a central role in liquid acidification. Furthermore, HNO; is able to diffuse into the liquid.
Additionally, a clear H,O, generation occurred in water during indirect DBD plasma treatment. The
concentration increased up to 18 mg - I"" within 30 min indirect DBD plasma treatment (Fig. 3 D) [4].
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In order to understand the plasma-induced acidification and generation of NO;3’, NO, and H,0,, as
well as inactivation of microorganisms in liquid, the gas/plasma phase was analyzed by FT-IR and
OES. OES indicates nitrogen-related bands in the UV-A and UV-B range (second positive and first
negative system of N,) but no emission in the bactericidal effective UV-C range (Fig. 4 A). By FT-IR,
no cytotoxic nitric oxide (NO®), but nitrous oxide (N,O), ozone (Os) and traces of nitric acid (HNO3)
were measured (Fig. 4 B). These findings are in agreement with numerous investigations of the
chemistry in non-thermal plasmas, e.g. [20].
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Fig. 4. OES (A) and FT-IR spectra (B) of the gas/plasma phase

These detected gaseous molecules may interact with the aqueous surface or diffuse directly in the
liquid. Possible reaction channels resulting in acidic protons (H"), nitrate, nitrite and hydrogen
peroxide are shown in Fig. 5 just as reactions to generate nitrogen oxide (NO®), nitrogen dioxide
(NO,"), hydroxyl radicals (HO®), pernitro acid (ONOOH) and hydroperoxy radicals (HOO®) which
may act as antimicrobial effective agents.
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Fig. 5. Possible (air-)plasma/gas-liquid-interaction and reaction channels [3, 8, 10-18].

To explain the complexity of these reactions and the resulting biological effects, some examples
should be mentioned in a more detailed manner. Ozone (Os), which is better soluble in water than
oxygen (O,) is a strong oxidizing agent. Its oxidizing effect is intensified in acidic media. Nitrous
oxide (NO®) is well soluble in water, too. O3 can be decomposed by NO® to nitrogen oxide (NO,") and
O, [15]. Dinitrogen trioxide (N,Os), which can be generated from a reaction of NO® with NO,", can
react as nitrosating agent with thiols, primary and secondary amines [18]. Radicals like the superoxide
anion radical (O,") or the hydroperoxy radical (HOO®) with short life times exist a few seconds or
minutes, only. In acidic media O,” is converted into HOO® (pK,=4.8). This small uncharged
molecule can penetrate the cell membrane, converted back to O," in the neutral cytoplasma and can
react with intracellular components [3, 11, 19]. Additionally, other reactions resulting in toxic
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products can be mentioned. Dinitrogen pentoxide (N,Os), which can be formed by a reaction of NO*
with NO,®, or 2 NO* with 3 O;, has strong oxidizing properties, too [10, 20]. Peroxonitrite may oxidize
lipids, fatty acids and proteins directly [11]. Furthermore, it is able to react with carbon dioxide (CO,)
to ONOOCO, and dissociate to nitrogen dioxide (NO,") and carbonate radical (CO;"™). The latter
initiates many destroying reactions and is more toxic than HO®. [18] Two protons (H") and one NO,°
can react to nitrosooxidanium (H,NO,") which may break down to water and nitrosonium cation
(NO") [21]. NO" reacts with many biomolecules [11, 18].

Consequently, the generation of ozone and nitrous oxide in the plasma/gas phase may be the initial
point of a multiplicity of chemical reaction cascades in water resulting in the secondary generation of
radicals and other low-molecular products. Some of them or the “cocktail” of all may cause biological
effects as the inactivation microorganisms as it was demonstrated by E. coli. To approve these theories
of chemical reactions and deduced biological effects, a lot of further investigations must follow.
However, liquid analytics for specific detection of radicals as well as low-molecular ions will play a
key role in this research. Furthermore, the role of ions in the plasma/gas-phase must be considered, too.

4. Conclusion

The indirect surface DBD treatment of 5 ml water in ambient air under atmospheric conditions
resulted in decrease of the pH, as well as genesis of nitrate, nitrite and hydrogen peroxide. Furthermore,
inactivation of E. coli suspended in non-buffered physiological sodium chloride solution was found.
The analysis of the plasma/gas phase by FT-IR and OES show the existence of dinitrogen oxide and
ozone.

Several reaction channels starting from ozone and dinitrogen oxide can be hypothesized which may
lead to decrease of pH as well as the generation of nitrate, nitrite, hydrogen peroxide, and other
secondary reaction products which could be responsible for biological effects like bacteria inactivation.
In future, more effective and detailed liquid analytics will play a key role to clarify both mechanisms
of plasma-liquid interactions and biological plasma effects.
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A concept to induce chemical reactions in dense gases by ionizing radiation is described. Electron
beams of 12 keV particle energy are used as the radiation source. The electrons are sent through
thin (300 nm) ceramic membranes into the gas. The table-top setup can be used with pulsed as
well as continuous beams. It is shown that dose rates of more than 10* and 10*® eV/(gs) can be
achieved in continuous and pulsed mode, respectively. Radiolysis of isopropanol which has been
performed in a test experiment is described to demonstrate the concept.

1. Introduction

Most chemical reactions require external energy transferred to the reactant species to drive the reaction
or at least to overcome the activation energy for starting the reaction. Heat is the most common form
of energy to be used for that purpose. Here we discuss the deposition of the kinetic energy of electrons
as an alternative. Chemical reactions induced by particle radiation are well known and if molecules are
destroyed by the radiation the process is called “radiolysis”. In most cases this is an unwanted side
effect of radiation fields in the form of bleaching, formation of color centers in optical elements,
damaging electronic equipment, and in the worst case radiation sickness of people exposed to ionizing
radiation. However several experiments have been performed in which high energy particles were
used to deliberately induce chemical reactions. Sterilization is an example for radiation treatment of
biological material. Dissociation of carbon dioxide is an example from inorganic chemistry which is of
interest in the context of attempts to process flue gases emitted from installations which burn fossil
fuels such as coal burning power stations.

-2

Fig. 1. Schematic drawing of the test setup. The electron beam is formed in the vacuum device (2) and
sent into the reaction cell (1). Air is pumped through the system with a membrane pump (5). Gas
composition is measured in the mass spectrometer (3) evacuated by a turbo-molecular pump (4). The
thick arrows indicate the main flow of air and the dashed arrow the admixture of isopropanol.

Here we discuss a novel technology which can be used for small-scale, table-top laboratory
experiments in which both very high doses and dose rates can be applied to matter. Scaling to larger
devices may be possible by up-scaling some of the parameters and parallel operation of many of the
devices described here. We focus on the treatment of a flow of gas irradiated by low energy electrons.
To put the parameters into perspective with earlier experiments we will compare them with an
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experiment which has been published by R. A. Lee in which CO, was dissociated by applying a
600 keV electron beam [1].

Fig. 2. Photograph of the e-gun (left) and reaction cell (right). The electron beam comes from the left
side and is stopped in the small volume in the Al part shown in the insert.

The basic concept of the technique described here is to reduce the particle energy of an electron beam
from several hundred keV to the 10 keV region. Since the electronic stopping power increases strongly
when the velocity (and thereby the kinetic energy) of the projectiles is decreased [2,3] there is a much
higher specific energy transfer from the beam to the target material and high doses and dose rates can
be achieved with low or moderate beam currents. The only price which has to be paid is the reduced
amount of material which can be treated because the low energy beams have a rather low total power.
However, since dose and dose rate are parameters normalized to the amount of material the only
requirement for experimental studies is to use a sensitive diagnostics which works for small samples.
An advantage of using low energy beams is that no hard x-ray radiation is produced so that the
experiments can be performed in any laboratory environment. This is the general concept. It is also
used to realize brilliant light sources [4] and several aspects of the technology have been studied in
this context [3,5,6]. Aspects of the technology concerning gas chemistry and examples of the
parameters in comparison with ref. [7] and ref. [8] are discussed in the next paragraph.

2. Experimental Parameters

Here, low energy electron beams are sent into gases at atmospheric pressure to induce chemical
reactions. The typical particle energy is 12 keV. Very thin entrance windows are required for sending
electrons of this energy into gases without significant energy loss. Ceramic material in the form of
300 nm thin silicon nitride membranes is used for that purpose. The technique has so far mainly been
used to realize vacuum ultraviolet light sources by sending electron beams into rare gases where they
induce intense excimer emission in the 80 to 200 nm wavelength region [6]. Free standing silicon
nitride membranes are routinely manufactured by the solid state industry for various purposes such as
pressure sensors. A silicon nitride layer is deposited on both sides of a silicon wafer. Then the wafer is
structured on one side, opening the chemically stable silicon nitride surface layer. Then the bulk
silicon material is etched away in these areas. The etching process stops at the silicon nitride layer on
the other side of the wafer thereby forming the free standing membrane. The membrane material
actually has to be either non-stoichiometric silicon nitride or a double layer of nitride and oxide to
limit the internal stress of a free standing membrane.

The energy loss of low energy electrons traversing such a 300 nm membrane has been studied both
experimentally and by model calculations [5]. The energy loss depends partly also on the gas filling
due to backscattering in the gas and is on the order of 15% for the experimental conditions described
here. The power deposited in the gas can therefore be estimated by multiplying the beam current by
10 kV. Various geometries of the membranes can be used. Quadratic membranes of 0.7x0.7 mm® are
routinely used for our experiments. Slit foils 0.7x40 mm® are also available as an alternative. The
current which can be sent through the membranes is limited by the thermal stability of the membrane
which is heated by the energy loss in the membrane. Heat conduction along the membrane, radiation,
and, most effectively, contact with the gas is cooling the membrane. In practice up to about 10 pA
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corresponding to 100 mW average beam power can be sent through the 0.7x0.7 mm” membranes into
the gas.

Signal (rel. units)
N
|
| - ———

L

Mass (amu)

Fig. 3. Mass spectrum of air with isopropanol added. The thin line shows the spectrum of air alone.
Isopropanol has mass 60. The heaviest fragment observed here is m = 58. Mass 45 can be interpreted
as isopropanol with one CH; group removed and mass 19 as OHj;.

Electronic stopping is the dominant mechanism of the interaction of electrons in the membrane and
also in the gas. This means transfer of kinetic energy of the projectile electrons to the bound electrons
of the target material. This “stopping power”, the energy transfer per unit length along the path of the
electron can be described by the Bethe-Bloch formula. However, the path of the electrons has a very
complex geometry due to multiple scattering of the low energy electrons. This leads to an effective
range of the electrons which is much shorter than the path of the electrons. Monte Carlo calculations
are therefore required to describe the power deposition in the target material quantitatively. A study on
this issue has been published in ref. [3] for the conditions of the experiments described below.
Applying this study to air, approximated by nitrogen or CO, at atmospheric pressure, it is found that
1 mm is a typical range for the 10 keV electrons exiting the foil and that the beam power is deposited
within a volume of about 1 mm’. Note that there are regions in the center and close to the foil where
the dose rates are significantly higher than the average values which will be estimated from the beam
power and the 1 mm?® volume.

There is another aspect of the technology described here which can be important for studying particle
beam induced chemical reactions: pulsing of the beam. A strong dependence of the efficiency for
inducing reactions via radiolysis from the dose and the flow of material has been described in the
literature [7]. This can be understood qualitatively based on the following arguments. A gas kinetics
aspect is emphasized in ref. [7]. If the ionization rate is high, the electron density and recombination
rates are high and the electrons recombine with the ions before they can form negative molecules. The
reaction pathway may for this or similar reasons depend on the dose rate. Also, if the material which
has been treated by the beam is not removed from the irradiated volume, back reactions can occur
which will reduce the net efficiency of the process which should be induced. A similar situation is
found for example in excimer lasers where the laser medium is removed from the laser cavity after
each shot to be cooled, cleaned and chemically restored before it flows back into the discharge region
of the laser.

The electron beams used here can be pulsed easily with a wide range of pulse lengths. It can therefore
be considered to adjust the pulse length and the flow of material for optimum efficiency of the reaction
to be induced. The instantaneous beam power can be significantly increased in the pulsed mode of
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operation. The heat capacity of the material of the membrane can store energy deposited in the foil
which is then removed during the time between pulses. As long as the beam energy deposited in the
membrane stays below a certain limit, the instantaneous beam power can be very high. In the case of
the 300 nm thick, 0.7x0.7 mm* membranes an experimental limit of 2 A * 10 kV =20 kW over 50 ns
corresponding to 1 mJ per pulse has been found. This corresponds to a dose on the order of 1 J/cm® or
~1000 J/g = 10° J/kg = 1 MGy) in the ~1 mm® volume described above if nitrogen at atmospheric
pressure (1.25 mg/cm’) is used as a typical example of molecular weight and target density. Note that
essentially all combinations of pulse energy and pulse duration resulting in the same pulse energy can
be selected for the experiments. For comparison: the dose delivered to CO; in ref. [1] per shot from a
Febetron 706 electron accelerator was 0.69 Mrad = 6900 Gy.
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Fig. 4. Time dependence of the partial pressures of m = 19, 40, and 45 is shown. Around t = 4200 s the
electron beam was switched on and around t = 5000 s it was switched off again. The modification of
gas composition of reactive species is obvious whereas the concentration of argon (m=40) is
unaffected by the electron beam.

The key parameter for radiolysis experiments defined in the literature is the so called G-value. It
describes the number of molecules produced per 100 eV radiation energy deposited in the medium.
Typical G values for example for dissociating CO, into CO and oxygen can be found in the literature.
Several earlier experiments are summarized and compared in a paper by R. Kummler et al. [7]. A
numerical model based on a large number of reactions with their corresponding rate constants is
established in this paper and the model is compared with experimental results. An important finding is
that the G-value depends strongly on the dose rate (see Fig. 1 in ref. [7]). Dose rates from 10' to
10*® eV/(gs) are discussed and a variation from G=0 up to G=9 is found for this specific reaction. The
highest G-values (G ~ 8) are found for dose rates above 10°® eV/(gs). A practical energy efficiency for
the radiolysis process of 25% can be calculated from G=9 taking the dissociation energy of ~3 eV for
CO; into C+O into account. The energy efficiency of the radiation source would of course have to be
taken into account in an actual device for gas chemistry.

The well studied example of CO, radiolysis can be used to judge the usefulness of the low energy
electron beam technology for basic studies by estimating the dose rates which can be achieved in the
experiments. A 10 keV electron beam deposits its energy in about 1 mm® CO, at atmospheric pressure.
This corresponds to 2x10° g CO,. With a beam current of 10 pA and 0.1 W = 6.24x10"" eV/s results a
dose rate of 3x10* eV/(gs) for the dc beam described above. With the current increase up to a factor
of 2x10° (10pA to 2A) which is possible in the pulsed mode tests with dose rates up to 3x10%* eV/(gs)
can be performed. The coincidence of the parameters which are possible for the table top device which
is described here with the dose rates which are discussed in the literature for efficient gas kinetic
reactions is our key argument to suggest the application of the low energy electron beams for
radiolysis experiments.
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It should be noted that the technology has already been used for gas chemical experiments several
years ago in collaboration with the Siemens Company in the context of reformation of methane fuel.
Here we describe a renewed and more general approach. For that purpose we have built a small gas
cell in combination with some basic diagnostics using a mass spectrometer and performed a test
experiment.

3. Test Experiment

The test setup is schematically shown in Fig. 1. A photograph of the setup is shown in Fig. 2. The
12 keV electron beam is produced by a cathode ray tube and sent through the silicon nitride membrane
into a small cylindrical aluminum of 3 mm diameter and 2 mm long cell. The gas which should be
treated by the beam was slowly sucked through the cell with a membrane pump. The flow was
regulated with a needle valve. Gas analysis was performed with a (Ametek, Dycor D200MP) mass
spectrometer (MS). The MS was pumped with a small turbo-molecular pump (Pfeiffer DCU). The gas
inlet was realized by a needle valve which was regulated for a pressure on the order of 10 mbar from
a background pressure on the order of 10 mbar. Thin tubes with 1 mm inner diameter were used to
connect the cell and the MS-inlet to allow short reaction times of the system.

Unfortunately we could not perform a test experiment which corresponds directly to the radiolysis
experiments of CO, which we have referred to above because the reaction product CO has the same
mass (28) as the nitrogen molecule and could not be distinguished in our makeshift setup. To
demonstrate that chemical reactions can be induced with the table-top, low energy electron beam
irradiation technique we added some isopropanol vapor to air. It shows up with a set of peaks in the
mass spectrometer as shown in Fig. 3. The electron beam ionization in the mass spectrometer
obviously leads to signficant fragmentation of the isopropanol molecules. The MS was then set to a
mode in which peaks at M = 19, 40, and 45 could be monitored with time and the electron beam was
switched on and off to search for an effect on the signal. The result is shown in Fig. 4. It clearly shows
that reactions can be induced by the electron beam which leed to a modification of the gas composition.
In summary we have developed a technique which allows experiments for radiation induced chemical
reactions with compact and safe laboratory devices. It may be used for fundamental studies and to find
reactions which are of practical importance and make use e.g. of existing radiation fields like in
nuclear reactors or which justify from their commercial or environmental interest the investment in an
up-scaled facility for electron beam induced chemistry.
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The important quantities, which affect performance of corona discharge based devices such as
electrostatic precipitators are discharge voltage and power. We studied the effect of a magnetic
field on the needle to plate DC corona discharge in stationary air or with flow of air through the
discharge chamber with the aim to increase discharge voltage and power. We found that for low
currents and for both polarities of the needle the magnetic field has no substantial effect on
discharge voltage. On the other hand for the needle negative and for higher currents magnetic field
increases discharge voltage and power.

1. Introduction
Corona discharges have wide range of applications such as source of ozone for treatment of water,
electrostatic printers, surface treatment and electrostatic precipitators (ESP). The quantities, which
affect performance of corona discharge based devices such as ESP are the electrode design, the gas
velocity distribution in the discharge chamber and namely the values of operating voltages and power
delivered to the discharge [1].
This paper is focused on study of the needle to plate DC corona discharge with the aim to increase
discharge power through application of the stationary magnetic field on the discharge. The magnetic
field was applied perpendicularly to the vector of the current density.
The papers that have dealt with studies of the effect of magnetic field on different types of electrical
discharges at atmospheric pressure are not too numerous [2-5]. These papers use the fact that magnetic
field affects motion of electrons. Their paths are curved, lengthened, ionization is enhanced and
therefore the discharge performance could be affected.

2. Experimental arrangement
The experimental arrangement, see Figure 1, consisted of a discharge chamber, an electric power
supply with electrical parameters diagnostics and an air supply system.
The discharge chamber was made from non-magnetic materials. The chamber had rectangular cross
section with inner dimensions 10x25x30 mm. At the axis of the discharge chamber was placed
stainless steel needle electrode of the diameter 0.8 mm. As a second flat electrode we used brass
parallelepiped. The distance between the tip of the needle and the plate electrode was 10.2 mm. At the
side of the discharge chamber there was one opening for the input and the second opening for the
output of air. The experiments were performed with air from a cylinder. A mass flow controller MFC
adjusted the airflow through the discharge chamber. The experiments were performed either with
stationary air (0 slm) or with the flow of air through the discharge chamber 1.5 slm. We also
measured the relative humidity RH of input air.
The discharge chamber was placed either away of the magnetic field or between two Nd,Fe 4B
permanent magnets (dimensions 35%35x10 mm). The magnetic induction at the center of the discharge
chamber at the place of the tip of the needle was 5500 gauss.
The DC regulated high voltage power supply provided voltage up to 30 kV. The needle was ballasted
by a resistor Rz = 6.89 MQ. The mean value of the discharge current was determined from the
magneto-electric system miliammeter or as the mean value of the signal obtained from the voltage
drop on the earthed resistor R; = 55 Q. This signal was recorded on the first channel of the DS 1150C
digital storage oscilloscope. The discharge voltage was determined as the mean value of the signal
recorded through the high voltage probe HVP on the second channel of this oscilloscope.
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Fig. 1. Experimental arrangement. RH — relative humidity sensor, MFC — mass flow controller,
Ry ballast resistor, R;— earthed resistor.

3. Experimental results and discussion

Our experiments were performed for both polarities of the needle and for the discharge in stationary or
in a flowing air. The corona discharge for each polarity of the coronating electrode can exist in
different regimes. These regimes for the positive corona are burst - pulse corona, streamer corona,
glow corona and finally a spark. In case of negative corona these regimes are Trichel pulse regime,
pulseless glow regime, filamentary streamer regime and a spark [6]. For the purpose of this paper we
will therefore denote the lower currents region (smaller than approximately 0.15 mA) as a region,
which corresponds to the discharge glow regime and the higher current region (currents exceeding
0.15 mA), which corresponds to the discharge streamer regime.

The effect of magnetic field on the V-A characteristics of the discharge in the low current region, for
both polarities of the needle electrode and for airflow rates 0 and 1.5 slm is shown in Figure 2.

20 With magn. field
| ./.‘/Without magn. field
v

> .

< 18+ Negative /,iv With magn. field
4 |~

& 46 Positive \é’ /QA;BQ:{Q’Q .

= Q’D Without magn. field

> 1 =

0 14 EE / furas

=g

I - /' A Negative,Q=1.5 sim

3 12 - —v— Positive,Q=1.5 sim

o 0 —v— Positive,Q=0 slm

—m— Negative, Q=0slm, MGF
—0— Negative,Q=1.5 sim, MGF
—8— Positive,Q=1.5 slm, MGF
—m— Positive, Q=0 slm, MGF
—v— Negative, Q=0slm

——
0,04 006 008 0,10 0112 014 0,16
Mean discharge current [mA]

Fig.2. Effect of the magnetic field and flowrate on the V-A characteristics of the discharge in the low
current region for both polarities of the needle. Distance d=10.2 mm. MGF—with magnetic field.

In this figure is seen a strong polarity effect as well as the fact that in this current region the more
important role is played by the airflow rate through the discharge chamber than the role of the
magnetic field. It is also seen that the application of magnetic field for both polarities of the neeedle
has no substantial effect on V-A characteristics both for the discharge in stationary air as well as for
the discharge with the flow of air through the discharge chamber 1.5 slm.
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The effect of the magnetic field on electrical parameters of the discharge for the needle negative, for
higher currents that is for the discharge in the glow and streamer regime, and for airflow rates 0 and
1.5 slm is shown in Figure 3.
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Fig.3. Effect of the magnetic field and flow rate on V-A characterists of the discharge for the needle
negative, for the glow and streamer regime. Full symbols — airflow rate 0 slm; empty symbols— airflow
rate 1.5 slm. Distance d=10.2 mm.

As it is seen from Figure 2 and Figure 3 the effect of the magnetic field on the discharge voltage is
different for the discharge in different regimes. For the discharge in the low current region, both
polarities of the needle (Figure 2) and for both values of airflow the magnetic field has no substantial
effect on the discharge voltage. By contrast for the needle negative and for the discharge in a streamer
regime (Figure 3) applying a magnetic field increases for particular current the discharge voltage.

These results results can be explained in the following way. The electrons leaving the needle electrode
due to the applied electric field E move toward the flat electrode, and because of the Lorentz force

they are accelerated. The volume density of this force is f, = F,n =q n E, where n stands for the

density of the electrons. When the magnetic field is applied in the expression for the volume density of
the Lorentz force, there appears also the magnetic component f =F n=qn (V X B) = jxB, where j

stands for current density and B is magnetic induction. This expression shows that not only the
magnetic induction but also the current density determines magnitude of this force. In case of higher
currents the corona discharge exists in the filamentary streamer regime. Due to these higher currents,
and because streamers are accompanied by a sharp decrease in the area crossed by electrons, the

current density is strongly increased. Therefore the Lorentz force volume density f, = jxB, caused

by applying a magnetic field on moving electrons, is substantially increased. Due to the action of this
force the paths of the electrons are curved and consequently to maintain a constant current the
discharge voltage must be increased. The increase of the discharge voltage when the magnetic field is
applied is certainly related to the increase of power delivered to the discharge.

The effect of the magnetic field on the discharge power for the needle negative and for airflow rates 0
and 1.5 slm is shown in Figure 4. From this figure it is seen that for higher currents application of the
magnetic field increases discharge power. For the lower currents the increase of power is not
substantial.

The corona power is a quantity, which strongly influences performance of corona discharge based
devices such as electrostatic precipitators.

In fact the ESP collecting efficiency strongly depends on corona power. In the lower range of
collecting efficiencies, relatively small increases in corona power result in substantial increases in

563



collecting efficiency. On the other hand, in the upper ranges, even large increases in corona power will
result in only small efficiency increases.
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Fig.4. Effect of the magnetic field on the discharge power for the needle negative. Full symbols —
airflow rate 0 slm; empty symbols— airflow rate 1.5 slm. Distance d=10.2 mm.

4. Conclusion
We studied the effect of the stationary magnetic field on electrical parameters of the needle to plate
DC corona discharge. For magnetic induction at the place of the tip of the needle 5500 gauss we found
that:

a). For low discharge currents, both polarities of the needle and for the discharge in stationary
air or for the discharge with airflow through the discharge chamber 1.5 slm the magnetic field does not
substantially affect electrical parameters of the discharge.

b). For the needle negative and for higher currents (corona in the filamentary streamer regime)
the magnetic field for particular current increases discharge voltage. This effect is stronger for the
discharge in stationary air than for the discharge in flowing air.

The obtained results can be considered as a certain contribution to the functioning of corona discharge
based devices, for example electrostatic precipitators.
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Plasma assist high temperature partial oxidation pyrolysis of ethanol was investigated. The energy
efficiency vs. pyrolysis chamber temperature and vs. ethanol-to-oxygen molar rate was obtained.
The best regimes for highest energy efficiency were obtained. The outflow syngas components
were investigated.

1. Introduction
From physics and chemistry of fuel combustion it is known that addition of light inflammable gases
(Hz, CO) essentially improves ignition/combustion of heavy oil and bio-fuels [1]. Therefore hydrogen
is considered as one of the most prospective energy sources for the future that can be renewable,
ecologically clean and environmentally safe [2]. Among possible technologies for free hydrogen
production, including steam reforming and partial oxidation of bio-fuels [3], a low-temperature
plasma-assisted fuel reforming is believed to be a good alternative approach [4,5]. Also the use of fuel
reforming can be rather perspective for hypersonic (M > 5) aircrafts as will allow solving two basic
tasks: the presence of quickly combustible fuel on board of aircraft and the maintenance of cooling of
aircraft systems. The possible approach to the decision of these tasks can be on-board reforming of
fuel (for example, kerosene), i.e. its conversion into H, and CO,: hydrogen can be used for combustion
and carbon dioxide - for aircraft cooling purposes.
For plasma fuel reforming, various methods using thermal and non-thermal plasma are known [6].
Thermal plasma, which is thermodynamically equilibrium, has characteristics of high ionization by
higher energetic density. This has merits of good rate of fuel decomposition but demerits of poor
chemical selectivity and high specific energy consumption. Non-thermal (low-temperature) plasma,
which is kinetically non-equilibrium, has characteristics of low ionization but benefits of high
reactivity and selectivity of chemical transformations providing high enough productivity at relatively
low energy consumption; this can be obtained by high voltage discharge in a flow at low or high
atmospheric pressures [7,8].
For reforming with plasma support (pyrolysis, steam reforming, partial oxidization) it is preferable to
utilize the high plasma flow rate generators: the pulsed systems and systems on the base of
TORNADO discharge type [9] etc.
Thus, in work ethanol reformation at high temperature partial oxidation pyrolysis with pulsed plasma
assist was investigated.

2. Experimental setup and analyse methods

The pyrolysis of ethanol after initial plasma-assisted ethanol reforming was studied by using the pulse
DGCLW. The unit with pulse DGCLW was shown in Fig. 1. The installation consists of two main
parts: 1) electric discharge plasma reactor, which generates a pulsed discharge in gas channel with
liquid ethanol, and 2) pyrolytic reactor, which treats ethanol-air vapors mixed with products generated
by plasma reactor, where (1) is a Teflon insulator around the steel pins, (2) are steel pins through
which voltage is applied, (3) are copper electrodes, conical bottom and top cylinder, (4) is a discharge
plasma zone between electrodes, (5) is a bubble between electrodes, (6) is a bubbling zone in the
liquid, (7) is a work liquid (solution of 96% pure ethanol and distilled water), (8) are mixing inlet and
outlet chamber, (9) is a steel pyrolytic chamber; (10) are electric heaters, (11) is a casing; (12) are
thermocouples for temperature control, (13) is a glass vessel (0.5 1) for syngas collection.
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Fig. 1. Schematic of ethanol pyrolysis after plasma-assisted reforming of ethanol in the DGCLW.

For gas analyse gas chromatography (GS) by chromatograph 6890 N Agilent and masspectrography
(MS) by monopolistic mass-spectrometer MX 7301 methods were used.

3. Results

Typical voltage and current oscillogrammes presented in Fig. 2:
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Fig. 2 Discharge current and voltage oscillogrammes

Here you can see that discharge current was about hundreds of Ampere when voltage was about
thousand Volts and pulse duration was about few microseconds.

The ethanol postdischarge pyrolysis studies results after initial plasma-assisted ethanol reforming are
presented in Figs. 3 — 4. The parameters in the system were following: pulsed discharge frequency of
400 Hz, air flow rate of 17-28 cm’/s, time of treatment (measurements) up to 10 min (600 s); the
temperature in the pyrolytic chamber varied from 0 to 870 K. Fig. 3 shows the H, intensity obtained
by mass-spectrometry and the partial H, content in syngas products measured by
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Fig. 3. H; intensity (MS) and partial H, content in syngas products (GC) after the ethanol reforming
versus postdischarge pyrolitic chamber temperature

gas-chromatography after the treatment. One can see a good correlation between gas chromatography
and mass-spectrometry data.

Fig. 4 shows the values of energy efficiency a in the system depending on temperature in the
postdischarge pyrolytic chamber. It is seen an energy efficiency increase with increasing temperature.
Some modes with the change of air flow modes (correspond to additional air supply into the pyrolytic
chamber compared with an air supply in the discharge) have lower energy efficiency than the mode
with a constant air flow because of varying partial output of isobutene ;C,H .

a, a.y # ethanol-3.9 cm3/min alr-28 cm3/s (5.2:(1+0))
10 + Oethanol 3.9 em3/min air 39 cm3/s (5.2:(1+0.4))
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Fig. 4. Energy efficiency of ethanol reforming versus temperature in the postdischarge pyrolytic
chamber.

Energy efficiency calculation formula:

Z Syngas, x LHV (Syngas,)

a =
IPE
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In this formula LHV means syngas component low heat value when IPE means electrical power for
plasma. The next Fig. 5 shows the rates of syngas generation in the system. One can conclude that the
investigated combination (electric discharge+postdischarg  pyrolysis) reforming of ethanol
demonstrates smart efficiency of this approach.
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Fig. 5. The rate of syngas generation versus temperature in the pyrolytic chamber.

The next Fig. 6 shows LHV of syngas that depends from ethanol/oxygen-in-air molar rate due to
stehiometric ethanol partial oxidation formula:

1
CHOH+ /0O —3H 1+2CO?
2 5 2 2 2

So we can see the LHV enhancement when ethanol/oxygen-in-air molar rate moving to 2.
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0,5 + 5 a
- 3 :
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Fig. 6 Syngas components LHV versus ethanol/air molar rate

The next Fig. 7 demonstrated MS data of H, intensity for pulsed plasma assisted pyrolysis and only
pyrolysis with ethanol/oxygen-in-air molar ratio 5.2:1. From this picture seems no synergism between
pulsed plasma ethanol reforming and hightemperature partial oxidation pyrolysis processes. Pulsed
plasma assist pyrolysis energy efficiency was sum of pulsed plasma ethanol reforming and only
pyrolysis energy efficiencies. "D+P" markers show plasma assist pyrolysis process MS data when "P"
shows only pyrolysis process MS data.
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Fig. 7 H; intensity (MS) pulse plasma ethanol reforming and hightemperature partial oxidation
pyrolysis versus postdischarge pyrolytic chamber temperature

4. Conclusions
1. The use of pyrolytic chamber allowed getting the energy efficiency value more than three time
higher that such value for the similar plasma-liquid systems without pyrolytic chamber.
2. Process energy efficiency was the sum of pulsed plasma reforming and hightemperature partial
oxidation pyrolysis processes.
3. The best energy efficiency is observed at the maximal pyrolytic chamber (600 °C).
4. The ethanol/oxygen molar ratio increasing decreases H,+CO LHV and improves CH, LHV and
C,H, LHV.
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Power consumption of the gliding arc discharge plasma rector and its stable operation depends on
many factors, among which the most important are: power supply system configuration,
processing gas flow rate and its chemical composition. Trace gases admixtures can essentially
influence the plasma chemistry process. Argon admixture to the processing gas stabilizes the
discharge and makes possible to transfer larger power from the power supply system to the
discharge. Correctly selected power supply system decides about plasma chemistry and
technological application of this kind of nonthermal plasma.

1. Introduction
Atmospheric pressure low temperature plasmas are applied in many industrial processes. They are:
treatment of flue gases emitted by industrial processes of combustion, painting and varnishing, wastes
utilization, deodorization, disinfection and sterilization, material processing and new material
manufacturing for application in microelectronics and nanotechnologies. Non-thermal and non-
equilibrium plasma based methods allow treatment of organic materials, like rubber, fabrics,
biomaterials and they are ecologically justified alternative for chemical ones [1].
In Poland the plasma processes, although investigated in research laboratories, are applied in industry
at much less scale than in industrialized countries of Europe and all other the World [2]. Polish power
industry is based on fossil fuels combustion that emits pollution in the form of sulphur and nitrogen
oxides, soot and ashes, necessary to utilize. Plasma technologies can be the reasonable alternative for
chemical, gypsum based wet methods, environmentally noxious, but still applied in power industrial
practice.
Investigations in the field of industrial application of plasma chemical methods, conducted in many
research centres and universities in Poland and abroad, are now concentrated on obtaining controllable
plasma parameters and chemical reactions in large volume of treated gases [3, 4, 5, 6, 7]. Repeatability
of the plasma-chemical process depends on stability of plasma parameters, which influence the proper
chemical reaction path. The main parameters: are the chemical composition of the plasma gas, its
pressure, flow rate, geometry of plasma reactor and electrical parameters of power system, i.e. value
and form of supply voltage, power, and frequency.
Arc discharge can be the source of non-thermal and non-equilibrium plasma at some conditions of
power supply system, reactor electrodes’ geometry and gas flow rate [8, 9]. The gliding arc discharge
plasma is the example of this kind of low temperature plasma that can be generated in multi-electrode
reactors at atmospheric pressure.
Gliding arc reactor considerably differs from other non-thermal plasma sources. The resistance of
inter-electrode gap depends on the kind of gas, its flow rate, degree of ionization and it also changes
its value in wide range during the single operation cycle. Moreover, the discharge is displacing
through electrodes periodically starting from the thermal short arc in the least electrode distance and
increases its volume and length with the fast gas flow and electrodes’ distance growth. Plasma
generated in the gliding arc reactor is in non-equilibrium state: the temperature of “hot electrons™ (7)
is much higher then gas temperature (7;) [10].
This kind of source of high energy electrons without heating the plasma gas in the whole volume of
plasma reactor chamber is essential for typical plasma chemistry applications.
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2. Experimental setup
In experiment we use three electrodes gliding arc plasma reactor with ignition electrode. Plasma is
generated in the chamber of reactor in one of the processing gases: argon, nitrogen and air, at the
atmospheric pressure. We use different gas flow rates — from 0.3 m*/h to 3.5 m*/h. The gas flow less
then 0.5 m*/h was used only for argon, in which discharge can be sustained at much lower voltage than
in nitrogen and air. Figure 1 presents our laboratory stand. Reactor’s geometry, diagnostic conditions
and operation parameters of the investigated suppliers are gathered in table 1.
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Fig. 1. Laboratory stand: plasma reactor — 3-eletrodes GA with ignition electrode; optical diagnostic —
spectrometer: SOLAR TII SL40-2-3648-USB, calibration light sources: OceanOptics AR-1 and CAL-
2000; flow rate controller — Bronkhorst High-Tech EL-Flow E-7000; thermovision camera — VIGO
System V-20 ER005-10; oscilloscopes — Tektronix TDS-380 and TDS-2024B with Tektronix P2220
1x/10x and P6015A 1000x probes.

We use three power supply systems for gliding arc discharge plasma reactor. Each power supply
system is based on three phase transformers with different limbs’ material and different ignition
systems. The first is the “integrated” power supply system (figure 2a) based on transformers with the
soft external characteristic. Using non-linearity of magnetic circuit we can obtain the integration of
basic functions of power supply in one device: preliminary ionization, 150 Hz ignition and sustaining
the discharge during operation cycle, limitation of current value [11]. The second is the power supply
system based on transformers with the amorphous limbs (figure 2b) with external 15 kHz ignition
system. And the last is the power supply system based on five-limbs transformer with four winded
cores in which the windings of external limbs are used to supply the 50 Hz ignition electrode (figure 3)
[12].
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Fig. 3. Power supply system based on five-limbs transformer.

Tab. 1. Working parameters of the gliding arc plasma reactor.

Discharge chamber geometry
chamber diameter 80 mm
electrode length 141 mm
electrode distance in the ignition area 6 mm
electrode distance in the extinction area 35 mm

Gas parameters
process gases argon, air, nitrogen
gas flow rates 0.3-3.5m’h

Power supply system parameters
inter-electrode voltage 400 — 1500 V
electrode current 1.0-35A
ignition voltage frequency 50 Hz, 150 Hz, 15 kHz

3. Results and discussion
Chemical composition of the processing gas together with gas flow rate growth causes the changes of
power transferred to the gliding arc plasma reactor. Power consumption as a function of gas flow rate
is presented on figure 4.
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Fig. 4. Power consumption for different gases and flow rates (power supply system based on
transformer with amorphous limbs, primary windings voltage: 130 V).

In case of argon as a processing gas, we obtained a linear power consumption characteristic. Otherwise,
for nitrogen and air, the power consumption decreases with gas flow rate growth.

For the same power supply system we obtained power consumption for various argon concentration in
processing gas (figure 5).
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Fig. 5. Power consumption for various argon concentration in working gas (power supply system

based on transformer with amorphous limbs, primary windings voltage: 130 V, processing gas:
nitrogen).

Increase of argon concentration in processing gas enlarge power consumption and stabilizes discharge,
that is critical for low gas flow rates.

For integrated power supply system we obtained ignition at lower voltage, but for argon concentration
in processing gas less then 30%, we observed discharge instability (figure 6).
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Fig. 6. Power consumption for various argon concentration in working gas (integrated power supply
system, primary windings voltage: 230 V, processing gas: nitrogen).

We also observed close to linear characteristics of power consumption for different gas flow rates (in
case of argon concentration in processing gas is greater then 30%).

For power supply system based on five-limbs transformer obtained results show, that power
transferred to discharge increases with the gas flow rate growth. Higher argon concentration in
processing gas didn’t affect discharge power and its only stabilize the discharge (figure 7).
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Fig. 7. Power consumption for various argon concentration in working gas (power supply system
based on five-limbs transformer, primary windings voltage:110 V, processing gas: nitrogen).

We also measured the changes of discharge current for different power supply systems and various

argon concentrations in processing gas (figure 8). For all power supply systems we observed increase
the discharge current with the increasing of argon concentration in working gas.
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Fig. 8. Discharge current as a function of argon concentration in processing gas for different power
supply systems.

Plasma-chemical processes request controllable parameters of plasma generated in the reactors with
gliding arc discharge. Repeatability of the process depends on stability of plasma parameters, which
influence the proper chemical reaction path. The main parameters: are the chemical composition of the
processing gas, its pressure, flow rate, electrons and heavy particles temperature, geometry of plasma
reactor and electrical parameters of power system, i.e. value and form of supply voltage, power, and
frequency. Properly selected power supply system together with chemical composition and flow rate
of the processing gas allows reaching the request plasma parameters.

Power transferred to discharge primarily depends on power supply system configuration, and
especially on the internal reactance of transformers supplying the working electrodes of GA. Power
transferred to the chemical process can be controlled by using different power supply systems. On the
other hand, for all power supply systems maximum voltage value is limited by the minimal voltage
required to breakdown which depends on chemical composition of processing gas. So, the controllable
composition of the processing gas can be used to change the power transferred to discharge. For the
constant maximum voltage value we can control the current value by power supply system internal
reactance or by argon concentration in the processing gas. An increase the current value causes
increasing the power transferred to discharge, and simultaneously decreasing the energy efficiency
because generated plasma becomes more thermal. Higher gas temperature also affects the faster
thermal destruction of working electrodes.

4. Conclusions

Power consumption of the gliding arc discharge plasma rector and its stable operation depends on
many factors, among which the most important are: power supply system configuration [10, 13, 14],
processing gas flow rate and its chemical composition. Trace gases admixtures can essentially
influence the plasma chemistry process. Argon admixture to the processing gas stabilizes the discharge
and makes possible to transfer larger power from the power supply system to the discharge.

Correctly selected power supply system decides about plasma chemistry and technological application
of this kind of nonthermal plasma.
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